Abstract Nuclear factor-kappaB (NF-κB) activation occurs following ischemic preconditioning (IPC) in brain. However, the upstream signaling messengers and downstream targets of NF-κB required for induction of IPC remain undefined. In a previous study, we demonstrated that epsilon protein kinase c (εPKC) was a key mediator of IPC in brain. Activation of εPKC induced cyclooygenase-2 (COX-2) expression and conferred ischemic tolerance in the neuronal and hippocampal slice models. Here, we hypothesized that IPC-mediated COX-2 expression was mediated by NF-κB. We tested this hypothesis in mixed cortical neuron/astrocyte cell cultures. To simulate IPC or ischemia, cell cultures were exposed to 1 or 4 h of oxygenglucose deprivation, respectively. Our results demonstrated translocation of p65 and p50 subunits of NF-κB into nucleus following IPC or εPKC activation. NF-κB inhibition with pyrrolidine dithiocarbamate (10 μM) abolished IPC or εPKC activator-mediated neuroprotection indicating that NF-κB activation was involved in ischemic tolerance. In parallel studies, inhibition of either εPKC or the extracellular signal-regulated kinase (ERK 1/2) pathway reduced IPC-induced NF-κB activation. Finally, inhibition of NF-κB blocked IPC-induced COX-2 expression. In conclusion, we demonstrated that IPC-signaling cascade comprises εPKC activation→ERK1/2 activation→NF-κB translocation to nucleus→COX-2 expression resulting in neuroprotection in mixed neuronal culture.
Introduction
Ischemic preconditioning (IPC) is an intrinsic neuroprotective mechanism invoked by sublethal ischemic insults prior to a subsequent lethal ischemic insult. The resulting state of ischemic tolerance has gained attention as a potentially robust prophylactic approach with the potential for clinical use in humans having a high risk for pathological cerebrovascular events and for patients anticipating neurosurgical procedures. More importantly, therapies based on endogenous neuroprotective mechanisms may as well have less intense and fewer side effects. Therefore, the main emphasis in the field of IPC is to better understand signaling mechanisms of initiation, induction, and maintenance.
The induction of IPC requires activation of several transcription factors and expression of genes that confer cell resistance against subsequent stress conditions. Numerous signal transduction pathways have been proposed to play a role in induction of brain tolerance by IPC [1] [2] [3] [4] [5] [6] . We have identified that epsilon protein kinase C (εPKC) is one of the pieces of the IPC-mediated signaling pathways [1, [7] [8] [9] [10] . We proposed that εPKC orchestrates cell viability by initiating signal transduction pathways that are favorable for cell survival after IPC in brain [11, 12] . Recently, we demonstrated that activated εPKC subsequently increased cyclooxygenase 2 (COX-2) expression in mixed cortical neuronal cultures and organotypic hippocampal slice culture models of cerebral ischemia [8] . Cyclooxygenase-2 is the rate-limiting enzyme for prostaglandin (PG) synthase, catalyzing the conversion of arachidonic acid to prostaglandin H 2 [13] .
COX-2 expression is regulated by transcription factor nuclear factor kappa B (NF-κB) in various tissues [14, 15] . Nuclear factor-κB is a family of closely related protein dimers that bind to a common sequence motif in DNA called the κB site. The most usual form of NF-κB is a heterodimer of p65 and p50, which normally exists in the cytoplasm in a dormant form, bound to one of the members of inhibitory proteins called IκBα, IκBβ, and IκBε [16, 17] . Several stimuli promote dissociation of IκBα through phosphorylation, ubiquitinylation, and its ultimate degradation in the proteasomes. This process unmasks the nuclear localization sequence of NF-κB, facilitating its nuclear entry, binding to κB regulatory elements and activation of transcription of target genes [16, 18] . A dual role for NF-κB has been suggested in neurodegenerative diseases [19] [20] [21] . A recent report proposed that NF-κB was neuroprotective after focal cerebral ischemia in mice, in part, by activation of the Akt signaling mechanism [22] . Activation of the NF-κB was also identified as a key event in brain tolerance after IPC [23] . However, the upstream and down-stream signaling cascade of NF-κB activation after ischemic preconditioning neuroprotection remains undefined. Thus, in the current study we hypothesized that the NF-κB activation is dependent on εPKC and extracellular signal-regulated kinase (ERK 1/2) signaling pathways and required for COX-2 expression after IPC.
Materials and Methods
All animal procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and were approved by the Animal Care and Use Committee of the University of Miami. According to these guidelines, efforts were made to minimize the number of animals and their discomfort.
Preparation of Mixed Cortical Neuron/Astrocyte Cell Cultures
For mixed cortical neuron/astrocyte cell cultures, astrocytes were prepared from neonatal rat as described previously [8] . Sprague-Dawley neonatal (1-2 days old) rats were anesthetized by intraperitoneal injection of ketamine (1.0 mg/pup). Animals were decapitated and the brains quickly removed. The cerebral cortices of the neonates were isolated and dissociated astrocytes were plated with minimum essential medium (MEM) (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS), 10% equine serum, 2 mM glutamine, and 1 μg/ml epidermal growth factor (Sigma, St. Louis, MO, USA) in three cortical hemisphere were dissociated and distributed equally to the 24-well plate. After 10 days, 19-day pregnant Sprague-Dawley rats were anesthetized by halothane and embryos were quickly removed and decapitated to isolate cortical neurons. The cerebral cortices of the embryos were isolated and dissociated cortical neurons were placed on a confluent monolayer of astrocytes cultured for 10 days to generate co-culture with MEM containing 5% FBS, 5% equine serum, and 2 mM glutamine. The mixed cortical neuron/astrocyte cells were used after 10-11 days in vitro.
Scheme of Oxygen/Glucose Deprivation Injury
To mimic ischemic injury, we exposed cells to oxygenglucose deprivation (OGD) for 4 h. To simulate ischemic preconditioning, cell cultures were exposed to OGD for a short period of 1 h, 48 h prior to ischemia. For OGD, cell cultures were washed twice with glucose-free HBSS (pH 7. Redfield, NY, USA) which was placed in a water-jacketed incubator gassed with 95% N 2 /5% CO 2 at 37°C. The chamber was sealed and incubated for either 1 h (preconditioning) or 4 h (ischemic insult). Following OGD, the cell cultures were transferred to their respective normal culture media and placed back into the incubator.
Assessment of Cell Death of Mixed Cortical Neuron/Astrocyte Cell Cultures
To determine assessment of cell death, cytotoxicity was measured by lactate dehydrogenase (LDH) released for 48 h into culture medium as described by Koh and Choi [24] . Maximal neuronal LDH release was measured in the neuronal cultures exposed to NMDA (500 μM; 48 h; maximal neuronal death). LDH release was measured by absorbance at 340 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). Values were expressed relative to LDH measurement from maximal neuronal LDH.
Preparation of Cytosolic and Nuclear Extracts
To visualize nuclear expression of p65 and p50 subunit of NF-κB, nuclear extracts of neurons were prepared by using similar procedures described previously [25] . Cells were harvested, washed twice with ice-cold phosphate-buffered saline (PBS), and lysed in lysis buffer containing 1% Nonidet P-40, 20 mM Tris (pH8.0) 137 mM NaCl, 0.5 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 1 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mM vanadate, and 1 mM phenylmethylsulfonyl fluoride for 15 min on ice [8] . Cells were vortexed vigorously for 15 s, and then centrifuged at 14,000 rpm for 10 min. The supernatant was used for COX-2 expression. Nuclear pellet was resuspended in buffer B (10 mM HEPES, pH8, 2 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 1µg/ml aprotinin, 10µg/ml leupeptin, 1 mM vanadate, and 1 mM phenylmethylsulfonyl fluoride) and centrifuged at 14,000 rpm for 10 min. The resulting pellet was incubated with the extraction buffer (20 mM HEPES, pH8, 400 mM NaCl, 0.5 mM EDTA, 2 mM MgCl2, 1 mM DTT, 1µg/ml aprotinin, 10µg/ml leupeptin, 1 mM vanadate, and 1 mM phenylmethylsulfonyl fluoride) for 30 min on ice. Following the centrifugation at 15,000 rpm for 15 min, the supernatant was used as nuclear extract. Protein samples (15-20 μg) of nuclear or (50-80 μg) of cytosolic extracts were used for Western blot analysis.
Western Blot Analysis
Equal amounts of proteins were subjected to 8% SDS-PAGE and the separated proteins were electrophoretically transferred to a nitrocellulose membrane (Bio Rad Laboratories, Hercules, CA, USA). The blot was blocked with 5% non-fat dried milk, incubated overnight at 4°C with the antibody of COX-2 (1:1,000, Cayman Chemicals, Ann Arbor, MI, USA), β-actin (1:5,000, Sigma St. Louis, MO, USA), p65, p50, and a nuclear marker, Lamin B (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Lamin B was present in nuclear fraction and not detected in cytosolic extract. Then, incubation was followed by horseradish peroxidase-conjugated-specific secondary antibody for 1 h at room temperature. The immunoreactive bands were revealed by ECL western blotting detection reagents (Amersham, Buckinghamshire, England). Western blot images were digitized at eight-bit precision by means of a CCD camera (eight to 12 bit, Xillix Technologies Corporation, Vancouver, Canada) equipped with a 55 mm Micro-Nikkor lens (Nikon, Japan). The camera was interfaced to an advanced image-analysis system (MCID Model M2, Imaging Research, Inc., St. Catherines, Ontario, Canada). The digitized immunoblots were subjected to densitometric analysis using MCID software.
Immunocytochemistry
Mixed cortical neuron/astrocyte cell cultures were grown onto a cover glass in a 24-well plate. At 15 and 30 min of reperfusion after 1 h of IPC, cells were fixed with 4% paraformaldehyde in phosphate buffer (10 mM, pH7.4).
After washing with triton X-100 in PBS (0.4% ; PBS-T), cells were blocked in 10% goat serum, 10% horse serum, and 10% bovine serum albumin (BSA) in PBS-T and incubated with primary antibody against p50 (1:1,000, Cell Signaling Technology, Danvers, MA, USA), neuron nuclear (NeuN, a neuronal-specific marker) and glial fibrillary acidic protein (GFAP, an astrocytes marker; 1:100 and 1:400, Chemican, Temeculal, CA, USA) in 5% goat serum, 5% horse serum, and 10% BSA in PBS-T. Incubations were performed for 24 h at 4°C. After several washes in PBS-T, cells were incubated with biotinylated anti-rabbit and rhodamine-labeled anti-mouse secondary antibodies (1:500, Vector, Burlingame, CA, USA) for 1 h at room temperature. After several washes in PBS-T, cells were incubated with the fluorescent secondary antibodies, fluorescein-labeled anti-rabbit (Santa Cruz Biotechnology) and rhodamine-labeled anti-mouse (Santa Cruz Biotechnology) for 30 min at room temperature. Cells were mounted on slides using Prolong Antifade Kit (Molecular Probes, OR, USA) and were visualized by laser scanning microscopy (LSM; Carl Zeiss Inc., Germany). The images of cells were analyzed using an LSM 5 image browser.
Statistical Analysis
Data were expressed as the mean±SEM. An analysis of variance followed by Dunnett's multiple comparison tests was used for statistical comparison. Results from the densitometric analysis were analyzed by a two-tailed Student's t test. In all cases, a p value less than 0.05 was considered statistically significant.
Experimental Design
The mixed cortical neuron/astrocyte cell cultures were divided into five major groups, as follows :
1. Control: after 10 days in vitro, cell death was measured by the LDH assay and cells were lysed with lysis buffer for western blot analysis 2. Ischemia (4 h of oxygen-glucose deprivation): cell cultures were exposed to sham ischemic preconditioning, and 48 h later, 4 h of OGD was induced. At 48 h following OGD, cell death was measured by the LDH assay. 3. Ischemic preconditioning: cell cultures were exposed to ischemic preconditioning (1 h of OGD), and 48 h of reperfusion later, 4 h of OGD was induced followed by the LDH assay. 
Results

Ischemic Preconditioning Induced Nuclear Translocation of NF-κB
First, we tested the hypothesis that NF-κB is activated by IPC in mixed cortical neurons. To test this hypothesis, cell cultures were preconditioned (1 h OGD) and collected at different time points for Western blot analysis. Our data indicated that preconditioning mediated translocation of p65 and p50 subunit of NF-κB to the nucleus at 15 min and lasted for 2 h (Fig. 1a, b , and c). Immunohistochemistry showed neurons as well as astrocytes with positive immuno-reactivity for p50 subunit of NF-κB at 30 min of reperfusion after IPC. To test the hypothesis that NF-κB activation is required for IPC-induced neuroprotection, an NF-κB inhibitor (PDTC, 10 μM), was applied during IPC. Forty-eight hours later, cells were exposed to lethal OGD and neuronal cell death was measured (Fig. 2) . Results showed that IPC reduced the neuronal death by 30% as compared to OGD (50±1.2% vs. 80±1.8% of maximal cell death; IPC + OGD vs. OGD, respectively, p<0.05, n=20) and PDTC treatment during IPC significantly abolished IPC-induced neuroprotection (50±1.2% vs. 65.7±2.5% of maximal cell death: IPC + OGD vs. IPC + PDTC + OGD, p<0.05, n=20). These results suggested that NF-κB activation was required for the IPC-induced neuroprotection against OGD injury.
εPKC Mediated NF-κB Activation Following Ischemic Preconditioning εPKC plays a key role in ischemic preconditioning [8] [9] [10] . Here we examined the role of εPKC as an upstream regulator of NF-κB in IPC signaling. To characterize this signaling pathway, we inhibited εPKC activation (εPKC inhibitor; εV1-2, 100 nM) during IPC. Inhibition of εPKC significantly reduced translocation of NF-κB p65 subunit to the nucleus as compared with IPC (2.0±0.3 vs. 0.8±0.4 optical density: IPC vs. IPC + εPKC inhibitor, p<0.05 compared with IPC, n=5, Fig. 3 ). Furthermore, we tested the hypothesis that activation of εPKC required NF-κB activation. The preconditioning mediated by εPKC-specific activating peptide (ψεRACK, 100 nM, pharmacological preconditioning) induced translocation of p65 and p50 subunit of NF-κB to the nucleus at 15 min and lasted for 1 h (Fig. 4a) . To characterize whether NF-κB activation is necessary for εPKC preconditioning, cells were exposed to NF-κB inhibitor (PDTC; 10 μM) during εPKC preconditioning. Results of LDH assay showed that εPKC preconditioning significantly reduced neuronal death from OGD injury (47± 1.3% vs. 80±1.8% of maximal cell death; PPC + OGD vs. OGD, p<0.05, n= 20, Fig. 4b ) and PDTC abolished εPKC-induced neuroprotection significantly (47 ± 1.2% vs. 65.7 ± 2.5% of maximal cell death: PPC + OGD vs. PPC + PDTC + OGD, p<0.05, n=20, Fig. 4b ). These results suggested that εPKC activation could be an upstream signaling pathway for NF-κB activation leading to neuroprotection.
ERK1/2 Activation Mediated NF-κB Activation Following Ischemic Preconditioning
Previously, we demonstrated that IPC-signaling-induced εPKC activation leads to phosphorylation of ERK1/2 [8] . Here, we examined whether blockade of ERK1/2 phosphorylation reduced IPC-induced translocation of NF-κB p65 subunit to the nucleus. We inhibited ERK1/2 activation (mitogen-activated protein kinase-kinase (MAPK-K) inhibitor, PD98059, 10 μM) during IPC and reperfusion in cell cultures. Inhibition of ERK1/2 completely inhibited IPCinduced p65 translocation to nucleus at 30 min of reperfusion as compared to IPC group (p<0.05, n=5, Fig. 5 ).
NF-κB Activation Regulated Cyclooxygenase-2 (COX-2) Expression Following Ischemic Preconditioning
To determine whether NF-κB activation is involved in IPCinduced COX-2 expression in neuronal cell cultures, cells were treated with NF-κB inhibitor during IPC. Our results demonstrated that NF-κB inhibition significantly reduced IPC-induced COX-2 expression (0.6±0.2 vs. 0.15±0.02 optical density: IPC vs. IPC + PDTC, p<0.05 compared with IPC, p<0.05 compared with IPC, n=5, Fig. 6 ). Taken together, COX-2 up-regulation requires NF-κB activation via εPKC and ERK1/2-dependent signaling pathways following ischemic preconditioning in neuronal cultures.
Discussion
In the present study, we demonstrated that NF-κB activation was required for induction of IPC, that upstream pathways were εPKC and ERK1/2, and finally that NF-κB regulated cyclooxygenase-2 expression after IPC in mixed cortical neuronal/astrocyte cell cultures. Taken together, these results suggested an IPC-signaling cascade comprised of εPKC activation → MAPK-K → ERK1/2 → NF-κB → COX-2 resulting in neuroprotection against subsequent lethal OGD stress in mixed cortical neuronal/astrocyte cell cultures.
Numerous studies demonstrated an increased NF-κB activity under pathological conditions in which neurons were dying [27, 28] . In particular, cerebral ischemia resulted in an early activation of NF-κB in the hippocampal CA1 neurons in rat model [28, 29] . A delayed activation (several days after ischemia) of NF-κB was also observed in reactive glia and identified as the promoter of ischemic neuronal death. In contrast, studies using neuronal cultures provide evidence that the activation of NF-κB is neuroprotective against amyloid-peptide toxicity [30] , excitotoxicity, or oxidative stress [31, 32] . In support of the neuroprotective role of NF-κB, Blondeau et al. [23] , suggested that the NF-κB is at the crossing of neuronal cell death and survival pathways and is a crucial component of the signal transduction cascade of cerebral IPC. Overall, these studies point to a high degree of complexity in the manner in which NF-κB activation occurs following preconditioning and lethal ischemia. For example, a differential regulation of NF-κB occurs via tumor necrosis factor alpha after ischemic tolerance [33] . Furthermore, the time for NF-κB activation and the cell types in which this activation occurs are important determinants for post-ischemic cell viability. In the present study, we observed that NF-κB activation lasted for 1 h after IPC and occurred in neurons as well as in astrocytes. Thus, we conjecture that NF-κB activation for preconditioning neuroprotection must occur within an hour and last for a short time. In contrast, in lethal ischemia, activation of NF-κB might last for hours in neurons and for days in reactive glia, resulting in cell death. In brain, activated NF-κB acted on genes for cytokine, cyclooxygenase-2, nitric oxide synthase, and apoptotic proteins (see reviews [34, 35] ). Cerebrovascular inflammation plays a central role in the pathogenesis of cerebral ischemia [36, 37] . The important process in cerebrovascular inflammation is the induction of proinflammatory mediators such as cyclooxygenase-2 (COX-2) [38, 39] . COX-2 expression is required to mediate ischemic tolerance in the brain [8, 40] . Our previous study demonstrated that ischemic preconditioning-induced COX-2 expression by εPKC → MAPK-K → ERK1/2 signaling pathways and conferred neuroprotection against OGD injury. In the current study, we showed that the inhibition of NF-κB translocation to the nucleus after ischemic preconditioning reduced COX-2 expression, suggesting that NF-κB regulates COX-2 expression in preconditioned neurons and astrocytes. In parallel, our recent study demonstrated that the phosphorylation of signal transducers and activators of transcription-3 (STAT3) is crucial for COX-2 expression after preconditioning [41] . At this juncture it is imperative to emphasize the fact that IPC activates a complex cascade of signaling pathways. Interestingly, neuroprotective signaling pathways activated by IPC appeared to be activated simultaneously and converge to a point leading to protection of the cell. This is also apparent from our data as NF-κB inhibition (Fig. 2) partially reversed the protective effects of ischemic tolerance, while at the same time the degrees of nuclear translocation of p65 after εPKC or ERK inhibition were different, indicating that other mechanisms might be activated in parallel to the one we observed. Here, the point of convergence might be COX-2 in neuronal/astrocyte cultures.
Conclusions
Ischemic preconditioning increased the translocation of the p50 and p65 subunits of NF-κB into the nucleus, suggesting NF-κB activation after IPC in mixed cortical neuron/ astrocyte cell cultures. Activation of NF-κB is regulated via epsilon PKC and ERK1/2 signaling pathways. Inhibition of NF-κB abolished COX-2 activation and ischemic tolerance. Thus, NF-κB activation is necessary for COX-2 expression leading to neuroprotection via ischemic preconditioning and its activation is mediated by εPKC and ERK1/2 activation. 
